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Abstract
We recovered passive integrated transponder (PIT) tags from nine piscivorous waterbird colonies in the Columbia
River basin to evaluate avian predation on Endangered Species Act (ESA)-listed salmonid Oncorhynchus spp. pop-
ulations during 2007–2010. Avian predation rates were calculated based on the percentage of PIT-tagged juvenile
salmonids that were detected as passing hydroelectric dams and subsequently were consumed and deposited by birds
on their nesting colonies. Caspian terns Hydroprogne caspia (hereafter, “terns”) and double-crested cormorants Pha-
lacrocorax auritus (hereafter, “cormorants”) nesting on East Sand Island in the Columbia River estuary consumed
the highest proportions of available PIT-tagged salmonids, with minimum predation rates ranging from 2.5% for
Willamette River spring Chinook salmon O. tshawytscha to 16.0% for Snake River steelhead O. mykiss. Estimated
predation rates by terns, cormorants, gulls of two species (California gull Larus californicus and ring-billed gull
L. delawarensis), and American white pelicans Pelecanus erythrorhynchos nesting near the conﬂuence of the Snake
and Columbia rivers were also substantial; minimum predation rates ranged from 1.4% for Snake River fall Chinook
salmonto13.2%forupperColumbiaRiversteelhead.PredationonESA-listedsalmonidsbygullsandAmericanwhite
pelicans were minor (<2.0% per ESA-listed salmonid population) relative to predation by terns and cormorants. Cu-
mulative impacts were greater for Snake River and upper Columbia River salmonids than for salmonids originating
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 976 EVANS ET AL.
closer to the estuary because upriver salmonids must migrate past more bird colonies to reach the ocean. Predation
rates adjusted for colony size (per capita rates) were signiﬁcantly higher for terns and cormorants nesting at inland
colonies (upstream of Bonneville Dam) than for those nesting in the estuary, suggesting that inland colonies have a
greater reliance on salmonids as a food source. Management actions to increase salmonid survival by reducing avian
predation in the estuary could be offset if birds that disperse from the estuary relocate to inland nesting sites on or
near the Columbia River.
Predation on juvenile salmonids Oncorhynchus spp. during
out-migrationtothePaciﬁcOceanisconsideredalimitingfactor
in the recovery of Columbia River basin salmonid populations
that are listed for protection under the U.S. Endangered Species
Act (ESA; NOAA 2008). Studies of avian predation in the
Columbia River basin have focused on colonial waterbirds that
nest in the estuary (Collis et al. 2001; Roby et al. 2003; Ryan
et al. 2003; Lyons et al. 2010), which currently hosts the largest
knowncoloniesofCaspianternsHydroprognecaspia(hereafter,
“terns”) and double-crested cormorants Phalacrocorax auritus
(hereafter,“cormorants”)inwesternNorthAmerica(Lyonsetal.
2010). Previous research has demonstrated that cormorants and
terns nesting on East Sand Island in the Columbia River estuary
consume millions of juvenile salmonids annually (Lyons et al.
2010),includingsalmonidsfromevolutionarilysigniﬁcantunits
(ESUs) and distinct population segments (hereafter collectively
referredtoasESUs;NOAA2011)thatarelistedundertheESA.
Breeding colonies of piscivorous colonial waterbirds, however,
are not limited to the Columbia River estuary but are distributed
throughout the Columbia River basin. Nearly 150,000 piscivo-
rouscolonial waterbirds representingﬁve species at20different
colonies were documented as nesting at inland sites (upstream
of the estuary) during 2007–2010 (BRNW 2011). Published
research on the impacts of predation by these inland bird
colonies on survival of juvenile salmonids has been limited to
the tern colonies on Crescent Island in the mid-Columbia River
(Antolosetal.2005)andonGooseIslandinPotholesReservoir,
Washington (Maranto et al. 2010; Figure 1).
Since 1987, passive integrated transponder (PIT) tags have
been placed in juvenile salmonids from the Columbia River
basin to study their behavior and survival after release. Passive
integrated transponder tags can provide speciﬁc information on
individualﬁsh,includingspecies,runtype,andmigrationtiming
(basedondetectionsofliveﬁshpassinghydroelectricdams).Re-
coveries of PIT tags on bird colonies have previously been used
to calculate minimum predation rates and to measure the rela-
tivesusceptibilityofdifferentsalmonidESUstoavianpredation
(Collisetal.2001;Ryanetal.2003;Antolosetal.2005;Maranto
et al. 2010). Passive integrated transponder tags that were re-
coveredfromlargeternandcormorantcoloniesintheColumbia
River estuary revealed that steelhead O. mykiss ESUs were con-
sumed disproportionately in comparison with other PIT-tagged
salmonid ESUs. Predation rates on PIT-tagged steelhead de-
tected as passing Bonneville Dam, the last Columbia River dam
encountered by out-migrating salmonids, ranged from 9% to
15% depending on the year (Collis et al. 2001; Ryan et al.
2003). With the few exceptions noted above, similar trends in
salmonidsusceptibilitytoandoverallimpactsofpredationfrom
birds nesting at inland colonies have not yet been evaluated.
Previous studies of avian predation impacts on the survival
of salmonids from the Columbia River basin have focused on
individual nesting colonies (Collis et al. 2001; Roby et al. 2003;
Antolos et al. 2005; Maranto et al. 2010) as opposed to the
cumulative effects of numerous colonies located on or near the
Columbia and Snake rivers. Information on salmonid losses to
avian predation at larger spatial and temporal scales, however,
is paramount in order to fully understand and effectively man-
age avian predation and thereby maximize the potential beneﬁts
to ESA-listed salmonid ESUs throughout the basin. Further-
more, the ephemeral nature of many of the colony sites and
the frequency of intercolony movements documented in these
bird species (Conover et al. 1979; Cuthbert 1988; Quinn and
Sirdevan 1998; Wires et al. 2000) necessitate a systemwide as-
sessment of avian predation management plans. For example,
these data are crucial in order to conﬁrm that increases in smolt
survival associated with piscivorous waterbird management in
the estuary are not offset by increased ESU-speciﬁc avian pre-
dation rates along the mid-Columbia and lower Snake rivers.
Resource management agencies and conservation groups
working in the Columbia River basin recognize the importance
of addressing avian predation in efforts to restore ESA-listed
salmonid ESUs (USFWS 2005; NOAA 2008). Plans to recover
ESA-listedESUshavebeendevelopedbytheUnitedStatesgov-
ernment and speciﬁcally call for development of strategies to
manage avian predation as a means to bolster juvenile salmonid
survival (NOAA 2008, 2010). With the exception of terns nest-
ing on East Sand Island in the Columbia River estuary (USFWS
2005),however,planshavenotspeciﬁed(1)whichbirdcolonies
pose the greatest risks to juvenile salmonid survival or (2) the
potentialbeneﬁtsofmanagementinitiativestoreduceavianpre-
dation, particularly in terms of increased salmonid survival.
The main objectives of this study were to (1) determine
colony-speciﬁc and cumulative predation rates on ESA-listed
salmonids by avian predators located on or near the Columbia
andSnakerivers,(2)evaluaterelativedifferencesinavianpreda-
tionratesamong salmonidESUs, (3)assesswhether differences
in predation rates are based on the location of the bird colony
(estuary versus inland), and (4) determine whether per capita
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 AVIAN PREDATION ON JUVENILE SALMONIDS 977
FIGURE 1. Map of the Columbia River basin, showing the bird colonies that were scanned for passive integrated transponder tags from consumed juvenile
salmonids, the river systems associated with salmonid populations, and the hydroelectric dams that were used to determine smolt availability during 2007–2010.
(per bird) predation rates differ among bird species and colony
locations. Objectives 1 and 2 address the paucity of knowledge
regardingwhichESA-listedsalmonidESUsaremostaffectedby
avian predation on a systemwide scale. Objectives 3 and 4 will
aid current and future management efforts by identifying which
bird species and colonies pose the greatest risk to salmonid
populations in the region and by specifying where reductions in
avianpredationwouldmostenhancejuvenilesalmonidsurvival.
STUDY AREA
Our study area included breeding colonies of piscivorous
waterbirds from the mouth of the Columbia River to the upper
Columbia River, a distance of approximately 730 river kilome-
ters (rkm; Figure 1). In total, nine individual bird colonies were
surveyed for this study. These colonies were selected based on
previous surveys for PIT tags (Ryan et al. 2003; Antolos et al.
2005; Maranto et al. 2010), the large size of the colonies, the
close proximity of the colonies to out-migrating salmonids, or
a combination of large size and close proximity. Colonies were
located in the Columbia River estuary, inland along the mid-
Columbia River (between Bonneville Dam and McNary Dam),
andneartheconﬂuence oftheSnakeandColumbiarivers(here-
after, “the conﬂuence”; Figure 1). Speciﬁc breeding colonies
that were scanned for PIT tags included tern colonies on East
Sand Island (rkm 8; estuary), the Blalock Islands (rkm 445;
mid-Columbia River), Crescent Island (rkm 510; conﬂuence),
and Goose Island (an off-river colony in Potholes Reservoir,
Washington, near the conﬂuence); cormorant colonies on East
Sand Island and Foundation Island (rkm 518; conﬂuence); gull
colonies(i.e.,CaliforniagullsLaruscalifornicusandring-billed
gulls L. delawarensis; hereafter, “gulls”) on Miller Rocks Is-
lands (rkm 333; mid-Columbia River) and Crescent Island; and
acolonyofAmericanwhitepelicansPelecanuserythrorhynchos
(hereafter, “pelicans”) on Badger Island (rkm 511; conﬂuence;
Figure 1).
The designation of ESUs for ESA-listed salmonids fol-
lowed those of the National Oceanic and Atmospheric Ad-
ministration (NOAA; NOAA 2011) and included both wild
and hatchery-reared ﬁsh. Passive integrated transponder tagged
salmonids that originated from within the geographic bound-
ary of the NOAA-deﬁned ESU were included in the study. All
ESA-listed salmonid ESUs that originated entirely upstream of
Bonneville Dam on the Columbia River were included in
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 978 EVANS ET AL.
the study (Figure 1). Upper Willamette River spring Chinook
salmon O. tshawytscha were also included, as the majority
of ﬁsh from this ESU originates above Sullivan Dam on the
Willamette River (Figure 1). However, upper Willamette River
steelhead were excluded from the study due to the small sample
sizes of PIT-tagged individuals. Overall, eight different ESA-
listed salmonid ESUs were evaluated by this study: Snake
River steelhead, Snake River sockeye salmon O. nerka, Snake
River spring–summer Chinook salmon, Snake River fall Chi-
nook salmon, upper Columbia River steelhead, upper Columbia
River spring Chinook salmon, mid-Columbia River steelhead,
and upper Willamette River spring Chinook salmon.
METHODS
Scanning of PIT tags was conducted after birds dispersed
from their breeding colonies following the nesting season
(August–November) during 2007–2010 (hereafter, “the study
period”). We used the methods described by Ryan et al. (2001),
whereby ﬂat-plate and pole-mounted PIT tag antennas were
used to detect PIT tags in situ by systematically scanning the
area that was occupied by birds during the nesting season. The
area occupied by birds on each colony was determined based on
aerial photographs of the colony and visits to the colony during
the nesting season. The entire colony area occupied by nesting
birds was scanned for PIT tags (referred to as a “pass”). Numer-
ous passes were then conducted until the number of previously
undetected PIT tags that were found during a pass was less than
or equal to 5% of the total number of PIT tags that were found
during all previous passes. The effort required to achieve this
criterion ranged from 2–6 passes/colony, which took from 1 to
5 d to complete each year depending on the size (surface area)
of the colony.
Passive integrated transponder tag detection efﬁciency.—
Not all PIT tags deposited by birds on the nesting colony are
subsequently found by researchers after the nesting season. For
example, tags can be blown off of the colony’s nesting area dur-
ing wind storms; washed away during high tides, rain storms,
or other ﬂooding events; or otherwise damaged or lost during
the course of the nesting season. Furthermore, the detection
methods used to ﬁnd PIT tags on bird colonies are not 100%
efﬁcient, as some proportion of detectable tags is missed by
researchers during the scanning process (Ryan et al. 2003). To
address these factors, PIT tags with known tag codes were in-
tentionally sown on each bird colony (hereafter, “control tags”)
throughout the nesting season to quantity PIT tag detection ef-
ﬁciency. Control tags had the same dimension and length as
PIT tags used to mark juvenile salmonids from the Columbia
River basin (12-mm, 134.2-kHz, full-duplex tags). The sowing
of control tags was conducted during several discrete stages of
the birds’ nesting season: (1) prior to the initiation of egg laying
(March–April), (2) during the egg incubation period (April–
May), (3) during the chick rearing period (May–June), and
(4) immediately after the ﬂedging of young (July–August).
Theseperiodswereselectedbecausetheyencompassedthetime
periods when juvenile salmonids were out-migrating and there-
fore available as prey to nesting birds. The total number of
control PIT tags that were sown varied by colony and year, with
sample sizes ranging from 100 to 600 PIT tags/colony in any
given year. The number of discrete time periods during which
control tags were sown also varied but was no less than two
(at the beginning and end of the nesting season) and no more
thanfour.Duringeachrelease,controltagswererandomlysown
throughout the entire area occupied by nesting birds during the
breedingseason.Prioritiesforsowingcontroltagswerebasedon
colonysize(withlargercoloniesreceivingthemostcontroltags)
andouraprioriexpectationofsalmonidpredationatthatcolony,
with tern and cormorant colonies generally receiving more con-
trol tags than gull or pelican colonies (Collis et al. 2002).
Not all PIT tags egested by birds are subsequently deposited
ontheirnestingcolony.Anunknownnumberoftagsarepresum-
ably damaged during digestion or are regurgitated or defecated
off-colony at loaﬁng, staging, or other areas utilized by birds
during the breeding season. The number of consumed PIT tags
that were deposited off-colony during this study was unknown.
Therefore, predation rate estimates are minimum estimates of
salmonid losses to colonial waterbirds.
Availability of PIT-tagged salmonids.—We queried the
regional salmonid PIT Tag Information System (PTAGIS)
database (maintained by the Paciﬁc States Marine Fisheries
Commission) to acquire data on interrogations of ESA-listed
PIT-tagged salmonids that were released in the Columbia
River basin during the study period. Availability of PIT-tagged
salmonids to predation by birds nesting on different colonies
was determined by interrogations of PIT-tagged ﬁsh at the near-
est upstream hydroelectric dam with juvenile ﬁsh interrogation
capabilities. Therefore, ﬁsh availability to birds nesting at East
SandIslandintheestuarywasbasedondetectionsofPIT-tagged
salmonids at Bonneville Dam (rkm 225) on the lower Columbia
River or at Sullivan Dam (rkm 206) on the Willamette River
(Figure 1). For bird colonies on Miller Rocks Islands and the
Blalock Islands in the mid-Columbia River, salmonid availabil-
ity was determined based on detections of PIT-tagged ﬁsh at
McNary Dam (rkm 470; Figure 1). For bird colonies near the
conﬂuence (Crescent, Badger, Foundation, and Goose islands),
availability was determined from detections of PIT-tagged ﬁsh
atLowerMonumentalDam(rkm589)ontheSnakeRiverandat
Rock Island Dam (rkm 730) on the upper Columbia River (Fig-
ure 1). Data on impacts to mid-Columbia River steelhead were
limited to predation impacts by birds in the Columbia River
estuary because the majority of PIT-tagged ﬁsh from this pop-
ulation entered the migration corridor downstream of McNary
Dam.
The distance between the dam used to determine ﬁsh avail-
ability and the downstream bird colony surveyed varied from a
minimum of 25 rkm (McNary Dam to the Blalock Islands) to
a maximum of 220 rkm (Rock Island Dam to Crescent Island;
Figure 1). For most colonies in this study, the distance between
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 AVIAN PREDATION ON JUVENILE SALMONIDS 979
thedamandthecolonywasbeyondthemaximumpublishedfor-
aging radius for the bird species (Baird 1976; Gill 1976; Ryder
1993;Andersonetal.2004;Scoppettoneetal.2006),suggesting
that birds from downstream colonies rarely consumed juvenile
salmonids upstream of these dams.
Avian predation rates.—Predation rates on PIT-tagged
salmonids were calculated using a multistep approach. First,
for each ESA-listed ESU, the proportion of PIT-tagged ﬁsh that
were consumed by avian predators on day j (ˆ qj) was estimated
by dividing the number of PIT-tagged ﬁsh detected at a dam
on day j that were subsequently recovered on a bird colony
(recoveredj) by the total number of salmonids detected as pass-
ing that dam on day j (availablej):
ˆ qj =
recoveredj
availablej
. (1)
Second, we used logistic regression to estimate colony-
speciﬁc daily detection efﬁciencies, whereby a binary response
of detections (detected or not detected) was modeled as a func-
tion of time since control tags were placed on the bird colony:
ˆ pj =
e(β0+β1tj)
1 + e(β0+β1tj), (2)
where ˆ pj is the probability of detecting a control tag that was
depositedondayj,β0 istheregressionintercept,β1 istheregres-
sionslope,andtj istheindependent variablefordepositiondate.
To calculate colony-speciﬁc adjusted daily predation rates (ˆ rj),
the proportion of available PIT-tagged salmonids whose tags
were recovered from a bird colony on day j (ˆ qj) was corrected
for colony-speciﬁc detection efﬁciency on day j (ˆ pj):
ˆ rj =
ˆ qj
ˆ pj
. (3)
To calculate annual predation rates, daily estimates of the
total number of PIT-tagged salmonids consumed were summed
and divided by the total number of salmonids that were avail-
able within that same time period. Reach-speciﬁc (estuary, mid-
ColumbiaRiver,andconﬂuence)predationrateswerecalculated
by summing predation rates from bird colonies in the same
reach per salmonid ESU. Conﬁdence intervals for predation
rates were estimated by a bootstrapping simulation technique
(Efron and Tibshirani 1986; Manly 1998). The bootstrapping
analysis consisted of 2,000 iterations of the model calculation,
with each iteration representing a unique bootstrap resample
(random sample with replacement) of the observed detection
efﬁciency and salmonid PIT tag data sets. The 2.5th and 97.5th
quartiles were used to represent the limits of a bootstrapped
95% conﬁdence interval. Predation rate estimates and 95% con-
ﬁdence intervals were calculated for each unique ESA-listed
ESU of PIT-tagged ﬁsh consumed by a bird colony in each year.
A study period estimate and 95% conﬁdence interval were then
generated for each bird colony by using all available PIT-tagged
salmonidsfor2007–2010toevaluatecolony-speciﬁcimpactson
smolt survival during the entire study period. For all instances
in which a bird colony consumed less than 0.1% of a given
ESA-listed ESU, predation rates are noted as being less than
0.1% and are presented without conﬁdence intervals due to the
proximity of the estimate to zero.
To control for imprecise results that might arise from small
sample sizes, estimates of predation rates were only calcu-
lated for ESA-listed ESUs from which at least 500 PIT-tagged
salmonids were interrogated while passing an upstream dam in
a given year. Additionally, only PIT-tagged salmonids that were
detected at a dam during the bird nesting season (1 March–31
August for colonies in the estuary; 1 April–31 July for inland
colonies) were included in these analyses, as these ﬁsh were
believed to be available to birds nesting at the colony. Analyses
were conducted using R software, with statistical signiﬁcance
α s e ta t0 . 0 5 .
Percapitapredationrates.—Predation ratesadjustedfordif-
ferences in colony size (number of nesting adults) were gener-
ated for each bird colony and each year to address how potential
changes in bird colony size might affect overall predation rates
on ESA-listed ESUs. Colony-size-adjusted predation rates (per
capita rates) were calculated by dividing predation rate esti-
mates by the number of adult birds present at each colony in
each year. The numbers of adult birds nesting at each colony in
eachyearwereobtainedfromBirdResearchNorthwest(BRNW
2011). Per capita predation rates were based on detections of all
ESA-listed PIT-tagged salmonids that were interrogated while
passing the nearest upstream dam(s).
Model assumptions.—Results from our multistep modeling
procedureforestimatingminimumavianpredationratesonPIT-
tagged salmonids were based on the following assumptions:
(1) salmonid release and detection information obtained from
PTAGIS was complete and accurate; (2) PIT-tagged salmonids
thatweredetectedwhilepassinganupstreamdamwereavailable
toavianpredatorsnestingdownstreamofthatdam;(3)thedetec-
tion probability for control PIT tags was equal to the detection
probability for PIT tags that were naturally deposited by birds
on-colony; (4) off-colony PIT tag deposition rates (i.e., tags that
were regurgitated or defecated by birds somewhere other than
on the nesting colony) did not differ among bird species, among
colonies, or among years; and (5) PIT tags from consumed ﬁsh
were deposited on a bird colony on the same day that the PIT-
tagged ﬁsh were detected as passing the upstream dam.
To verify assumption 1, irregular entries were either vali-
dated by tagging coordinators or eliminated from the analy-
sis. Detections of PIT-tagged salmonids at dams upstream of
bird colonies were deemed the most appropriate measure of
ﬁsh availability given the downstream movement of juvenile
salmonids,theabilitytostandardizedataacrossallsites,andthe
ability to deﬁne unique groups of salmonids based on a known
location and passage date (assumption 2). Detection efﬁciency
estimates(assumption3)weregenerallyhighatallcolonies(see
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 980 EVANS ET AL.
Results); thus, possible violations of assumption 3 would have
little effect on estimates of predation rates. Variation in the
proportion of consumed PIT tags deposited off-colony among
bird species and among colonies (assumption 4) could result in
differences in minimum predation rate estimates. At this time,
however, there are no data available to support or refute as-
sumption 4 other than to note that during the nesting season,
some PIT tags presumably are damaged during digestion, are
deposited off-colony, or both. Assumption 5 relates to the use
of the last date of live detection as a proxy for the date of PIT
tag deposition on a bird colony; this assumption needed only
to be roughly true because detection efﬁciency did not change
dramatically on a daily basis (see Results).
RESULTS
In total, 1,058,808 PIT-tagged salmonids from the eight
salmonid ESUs were used to determine ﬁsh availability to avian
predators (Table 1). From these ﬁsh, 32,064 PIT tags were sub-
sequently recovered by researchers on avian colonies during
the study period. Snake River steelhead represented the ESU
with the highest number of on-colony recoveries (n = 17,353
PIT tags), followed by Snake River spring–summer Chinook
salmon (n = 4,858), upper Columbia River steelhead (n =
4,378), Snake River fall Chinook salmon (n = 2,728), mid-
Columbia River steelhead (n = 1,965), upper Columbia River
spring Chinook salmon (n = 399), Willamette River spring Chi-
nook salmon (n = 200), and Snake River sockeye salmon (n =
183). By river reach and bird colony, the largest number of PIT
tags was recovered from bird colonies in the Columbia River
estuary (n = 20,733 PIT tags recovered on the East Sand Island
ternandcormorantcolonies),followedbycoloniesnearthecon-
ﬂuence (n = 8,831 PIT tags recovered on the Goose Island tern
colony, Crescent Island tern and gull colonies, Foundation Is-
land cormorant colony, and Badger Island pelican colony), and
colonies in the mid-Columbia River between McNary and The
Dalles dams (n = 2,500 PIT tags recovered on the Miller Rocks
Islands gull colony and Blalock Islands tern colony). Interro-
gations of PIT-tagged salmonids overlapped almost completely
with the nesting seasons of the avian colonies studied here; over
98% of all PIT-tagged salmonids were detected as passing dams
during the nesting seasons.
Passive Integrated Transponder Tag Detection Efﬁciency
Detection efﬁciency of control PIT tags that were intention-
ally sown on bird colonies during the nesting season was unique
to each bird colony and each year. In general, detection efﬁcien-
cies were high across colonies and years (Table 2). Detection
efﬁciency estimates ranged from a low of 46.5% at the Goose
Island tern colony in 2009 to a high of 93.0% at the Blalock
TABLE 1. Numbers of PIT-tagged salmonids that were interrogated while passing Bonneville Dam (BON) on the lower Columbia River, Sullivan Dam (SUL)
on the Willamette River (WR), McNary Dam (MCJ) on the mid-Columbia River (MCR), Lower Monumental Dam (LMJ) on the Snake River (SR), and Rock
Island Dam (RIS) on the upper Columbia River (UCR) during 2007–2010. Salmonids were from Endangered Species Act-listed evolutionarily signiﬁcant units
(ESUs); dashes denote PIT-tagged ESUs with too few interrogations for analyses (<500 detections/year).
Migration year
Dam ESU 2007 2008 2009 2010 Total
BON SR spring–summer Chinook salmon 23,830 11,425 17,396 38,441 91,092
SR fall Chinook salmon 2,005 24,136 16,314 17,974 60,429
SR sockeye salmon — — 1,845 1,382 3,227
SR steelhead 6,391 19,571 23,310 40,023 89,295
MCR steelhead 2,277 2,435 3,570 9,112 17,394
UCR spring Chinook salmon 2,268 1,662 2,064 5,972 11,966
UCR steelhead 3,021 2,494 2,213 12,196 19,924
SUL WR spring Chinook salmon 1,505 2,509 5,573 510 10,097
MCJ SR spring–summer Chinook salmon 74,905 27,288 60,155 52,129 214,477
SR fall Chinook salmon 7,374 36,857 43,461 29,587 117,279
SR sockeye salmon — — 2,088 1,327 3,415
SR steelhead 7,680 15,447 29,877 17,805 70,809
UCR spring Chinook salmon 6,764 4,713 3,982 6,192 21,651
UCR steelhead 3,102 3,204 3,220 3,942 13,468
LMJ SR spring–summer Chinook salmon 22,730 30,142 20,753 8,562 82,187
SR fall Chinook salmon 2,147 22,968 27,198 38,709 91,022
SR sockeye salmon — 767 2,651 568 3,986
SR steelhead 17,120 28,652 52,220 10,950 108,942
RIS UCR spring Chinook salmon — — 738 929 1,667
UCR steelhead 3,781 7,742 7,226 7,732 26,481
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 AVIAN PREDATION ON JUVENILE SALMONIDS 981
TABLE 2. Average detection efﬁciency (proportion) of control PIT tags that were sown on colonies of Caspian terns (tern), double-crested cormorants
(cormorant), American white pelicans (pelican), and California gulls and ring-billed gulls (gull) in the Columbia River basin during 2007–2010. Sample sizes are
provided in parentheses. In-season variation in detection efﬁciency is denoted by footnotes.
Island Bird colony 2007 2008 2009 2010
East Sand Tern 0.89 (600) 0.92a (600) 0.90a (600) 0.84a (400)
East Sand Cormorant 0.58a (200) 0.69a (600) 0.70 (600) 0.76a (400)
Miller Rocks Gull 0.87 (200) 0.83 (200) 0.78a (200) 0.75a (200)
Blalock Tern 0.88 (200) 0.93 (100) 0.84 (100) 0.88c (NA)
Crescent Tern 0.70a (800) 0.62a (400) 0.71a (400) 0.75a (400)
Crescent Gull 0.63a (200) 0.74a (200) 0.73a (200) 0.79a (200)
Badger Pelican 0.65a (200) 0.68 (200) 0.85a (200) 0.75a (200)
Foundation Cormorant 0.68 (400) 0.74 (400) 0.73b (400) 0.63 (400)
Goose Tern 0.53a (100) 0.64a (400) 0.47a (400) 0.58a (400)
aDetection efﬁciency signiﬁcantly (P < 0.05) increased with Julian date of tag deposition.
bDetection efﬁciency signiﬁcantly (P < 0.05) decreased with Julian date of tag deposition.
cDetection efﬁciency was based on the average from previous years because no tags were sown on the colony in 2010.
Islands tern colony in 2008 (Table 2). Within-season temporal
differences in detection efﬁciency were also observed at some
coloniesbutvariedbycolonyandyear(Table2).Logisticregres-
sion results indicated that estimated detection efﬁciency could
increase, decrease, or remain stable throughout the nesting sea-
son (Table 2). The most common temporal trend was increasing
detection efﬁciency through the nesting season, and this rela-
tionship was observed in all 4 years at the Crescent Island tern
colony, the Crescent Island gull colony, and the Goose Island
tern colony (Table 2).
Avian Predation Rates
Results indicated that avian predation on ESA-listed
salmonids varied by bird colony, colony location or river reach,
and salmonid ESU. By bird colony and location, minimum pre-
dation rates were highest from terns and cormorants nesting on
East Sand Island in the Columbia River estuary. Terns and cor-
morants nesting on East Sand Island consumed a minimum of
2.5–16.0% (depending on the ESU) of the available PIT-tagged
salmonids that were last detected as passing Bonneville Dam
or Sullivan Dam during the study period (Figure 2). Of the
eight ESA-listed ESUs evaluated, minimum predation rates
were highest on Snake River steelhead, with an estimated 16%
consumed by terns and cormorants nesting on East Sand Is-
land (Figure 2). Although combined losses were greatest for
Snake River steelhead, similar losses to terns and cormorants
nesting in the estuary were also observed for mid-Columbia
River steelhead (14.1%) and upper Columbia River steelhead
(13.8%; Figure 2). Among avian predators in the estuary, pre-
dation on steelhead ESUs was signiﬁcantly higher from terns
(9.7–10.7%) than from cormorants (3.1–5.5%; Figure 2). Of
the four ESA-listed Chinook salmon ESUs evaluated, mini-
mum predation rates by terns and cormorants in the estuary
were highest on Snake River spring–summer Chinook salmon
at 4.6% (Figure 2). Conversely, minimum predation rates were
lowest on Willamette River spring Chinook salmon at 2.5%
(Figure 2). Terns and cormorants in the estuary consumed be-
tween 0.9% and 2.4% of available PIT-tagged Chinook salmon
ESUs (Figure 2), which suggests that Chinook salmon ESUs
exhibited similar susceptibility to predation by terns and pre-
dation by cormorants. The combined minimum predation rate
on Snake River sockeye salmon by terns and cormorants in the
estuary was estimated at 3.0% (Figure 2); the predation rate
on sockeye salmon was higher for cormorants (2.1%) than for
terns (0.9%; Appendix Table A.1). Annual variability in
predation rates was observed during the 4-year study, and pre-
dation rates by cormorants on salmonids (all ESUs) was lowest
FIGURE 2. Estimated minimum predation rates (with upper 95% conﬁdence
limit) on PIT-tagged juvenile salmonids by Caspian terns (tern) and double-
crested cormorants (cormorant) nesting on East Sand Island (ESI) in the
Columbia River estuary during 2007–2010; prey availability was calculated
based on the number of PIT-tagged salmonids that were last interrogated while
passing Bonneville Dam (Columbia River) or Sullivan Dam (Willamette River
[WR]). Salmonid evolutionarily signiﬁcant units (ESUs) are provided (SR =
Snake River; UCR = upper Columbia River; MCR = mid-Columbia River).
Only ESUs with at least 500 PIT-tagged individuals interrogated in any given
year (see Table 1) are presented.
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FIGURE 3. Estimated minimum predation rates (with upper 95% conﬁdence
limit) on PIT-tagged juvenile salmonids by Caspian terns (tern) nesting on the
Blalock Islands (BI) and California gulls and ring-billed gulls (gull) nesting
on Miller Rocks Islands (MRI) in the mid-Columbia River during 2007–2010;
prey availability was calculated based on the number of PIT-tagged salmonids
that were last interrogated while passing McNary Dam. Salmonid ESUs are
provided (SR = Snake River; UCR = upper Columbia River). Only ESUs with
at least 500 PIT-tagged individuals interrogated in any given year (see Table 1)
are presented.
in 2007 (Table A.1). Annual predation rates on salmonids by
East Sand Island terns were less variable than predation rates
by cormorants, but signiﬁcant differences in annual predation
rates among years and among salmonid ESUs were also noted
(Table A.1). The trend in which terns had the highest predation
rates on steelhead ESUs, however, was evident during each of
the four study years.
Predation on ESA-listed PIT-tagged salmonids by the two
avian colonies in the mid-Columbia River between McNary
and The Dalles dams (gulls on Miller Rocks Islands; terns on
Blalock Islands) was relatively minor (<2.0% of available ﬁsh
per salmonid ESU; Figure 3) during the study period in com-
parison with predation rates by terns and cormorants nesting
on East Sand Island. Similar to avian predation in the estu-
ary, however, minimum predation rates by terns and gulls in
the mid-Columbia River were signiﬁcantly greater on steelhead
ESUs (1.6–1.9%) than on salmon ESUs (0.3–1.1%; Figure 3),
with Blalock Islands terns and Miller Rock Islands gulls both
consuming disproportionately more steelhead relative to their
availability downstream of McNary Dam. During the study pe-
riod, minimum predation rates from Blalock Islands terns and
Miller Rocks Islands gulls were less than 0.5% for the three
ESA-listed Chinook salmon ESUs evaluated (upper Columbia
River spring, Snake River fall, and Snake River spring–summer
ESUs). Predation on Snake River sockeye salmon (1.1%), es-
pecially by gulls on Miller Rocks Islands, was higher than that
on Chinook salmon ESUs, although data were limited to two of
the four study years due to inadequate numbers of PIT-tagged
Snake River sockeye salmon in 2007 and 2008 (Table 1). Very
FIGURE 4. Estimated minimum predation rates (with upper 95% conﬁdence
limit) on PIT-tagged juvenile salmonids by Caspian terns (tern), double-crested
cormorants (cormorant), California gulls and ring-billed gulls (gull), and Amer-
ican white pelicans (pelican) nesting on islands near the Snake River–Columbia
River conﬂuence during 2007–2010 (PTI = Goose Island, Potholes Reservoir;
CSI = Crescent Island; FDI = Foundation Island; BDI = Badger Island); prey
availability was calculated based on the number of PIT-tagged salmonids that
were last interrogated while passing Lower Monumental Dam (Snake River
[SR]) or Rock Island Dam (upper Columbia River [UCR]). Salmonid ESUs are
provided. Only ESUs with at least 500 PIT-tagged individuals interrogated in
any given year (see Table 1) are presented.
little variation in annual predation rate estimates was observed
for these colonies during the study period (<1.0% difference
in ESU-speciﬁc predation rates in all yearly comparisons; Ta-
ble A.1). The lack of variability in annual predation rate esti-
mates is associated with the close proximity of these estimates
to zero.
Of the three river reaches examined, predation rates asso-
ciated with bird colonies near the conﬂuence were the most
variable: minimum predation rates on ESA-listed ESUs ranged
from 1.4% to 13.2% during the study period (Figure 4). Of the
ﬁve avian colonies in the conﬂuence reach, the terns nesting
on Goose Island in Potholes Reservoir demonstrated the high-
est single colony-speciﬁc predation rate of 10.6%, which was
observed for upper Columbia River steelhead (Figure 4). Preda-
tion by Goose Island terns was almost exclusively on salmonid
ESUs originating from the upper Columbia River (2.1–10.6%),
whereas their predation rates on Snake River ESUs were sig-
niﬁcantly lower (<0.3%; Figure 4). The Crescent Island tern
colony and Foundation Island cormorant colony were associ-
ated with the highest predation rates on ESUs originating from
the Snake River (Figure 4), and they consumed disproportion-
ately more Snake River sockeye salmon, Snake River spring–
summerChinooksalmon,SnakeRiverfallChinooksalmon,and
Snake River steelhead compared with upper Columbia River
ESUs. Predation by Crescent Island terns was highest on Snake
River steelhead, as a minimum of 3.3% of available PIT-tagged
individuals were consumed during the study period (Figure 4).
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 AVIAN PREDATION ON JUVENILE SALMONIDS 983
With the exception of upper Columbia River spring Chinook
salmon, which were predominately consumed by Goose Island
terns, predation by Foundation Island cormorants on salmon
(Chinook salmon and sockeye salmon) ESUs was similar to or
greater than predation by terns (Crescent and Goose islands) on
the same salmon ESUs (Figure 4). Signiﬁcant annual variation
in predation rates was observed at bird colonies in the conﬂu-
ence reach. Predation rates on upper Columbia River steelhead
by Goose Island terns were particularly variable, ranging from
a low of 7.5% in 2008 to a high of 15.7% in 2009 (Table A.1).
Similar to results in the estuary, the trend of higher predation
ratesonsteelheadpopulations,particularlybyterns,wasevident
in all study years.
Overall predation impacts were often greater on ESUs orig-
inating upstream of the conﬂuence than on ESUs originating
lowerinthebasin(mid-ColumbiaRiverorWillametteRiver),as
upriverESUs(SnakeRiverandupperColumbiaRiver)weresus-
ceptible to predation by birds from several inland colonies that
didnotpreyuponﬁshfromlower-riverESUs(Figures2–4).Rel-
ative to their availability, upper Columbia River steelhead and
Snake River steelhead suffered the greatest cumulative impacts
from the nine avian colonies evaluated here. Reach-speciﬁc
minimum predation rates on Snake River steelhead were 6.1%
by avian colonies near the conﬂuence, 1.9% by mid-Columbia
River colonies, and 16.0% by estuarine colonies (Figures 2–4).
Minimum predation rates on upper Columbia River steelhead
were 13.2, 1.6, and 13.8% by avian colonies near the conﬂu-
ence,inthemid-ColumbiaRiver,andintheestuary,respectively
(Figures 2–4). Cumulative avian predation impacts were greater
for upper Columbia River steelhead than for Snake River steel-
head due to the high predation rates on upper Columbia River
steelhead by terns nesting on Goose Island (Figure 4). Preda-
tion rates by the nine avian colonies evaluated here were often
signiﬁcantly less for ESA-listed Chinook salmon and sockeye
salmon ESUs than for steelhead populations but were still in
excess of 2.0% for most ESUs in most river reaches.
Per Capita Predation Rates
After accounting for differences in the size of each avian
colony, per capita (per bird) predation rates were highest for
Crescent Island terns, Foundation Island cormorants, Blalock
Islands terns, and Goose Island terns—all inland colonies (Fig-
ure 5). Predation rates adjusted for colony size were an order
of magnitude greater for Crescent Island and Blalock Islands
terns than for East Sand Island terns (Figure 5). A similar dif-
ference was evident between Foundation Island cormorants and
FIGURE 5. Box-and-whisker plot showing annual estimated minimum per capita predation rates on PIT-tagged juvenile salmonids (Chinook salmon, sockeye
salmon, and steelhead combined) by Caspian terns (tern), double-crested cormorants (cormorant), California gulls and ring-billed gulls (gull), and American
white pelicans (pelican) nesting on islands in the Columbia River estuary (ESI = East Sand Island), in the mid-Columbia River (MRI = Miller Rocks Islands;
BLI = Blalock Islands), or near the Snake River–Columbia River conﬂuence (CSI = Crescent Island; BDI = Badger Island; FDI = Foundation Island; PTI =
Goose Island, Potholes Reservoir) during 2007–2010. Predation rates were calculated based on the number of PIT-tagged salmonids that were detected as passing
BonnevilleandSullivandams(forestuarinecolonies),McNaryDam(formid-ColumbiaRivercolonies),orLowerMonumentalandRockIslanddams(forcolonies
near the conﬂuence). The sizes of bird colonies (number of nesting adults) were from Bird Research Northwest (BRNW 2011). Lines within the box represent the
median, ends of the box represent the interquartile, and the whiskers represent the minimum and maximum.
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 984 EVANS ET AL.
East Sand Island cormorants; per capita predation rates were
approximately 13 times higher for cormorants nesting at the
inland location (Foundation Island) relative to those nesting at
the estuarine location (East Sand Island; Figure 5). Per capita
salmonid predation rates by gull and pelican colonies, regard-
less of river reach, remained extremely low in comparison with
those by tern and cormorant colonies (Figure 5).
DISCUSSION
This study is among the ﬁrst to document predation rates on
different ESA-listed ﬁsh populations by multiple bird species
nesting throughout a large river system. Predation impacts on
PIT-tagged salmonids were evaluated for ﬁve previously un-
studied piscivorous waterbird colonies in the Columbia River
basin (gulls nesting at colonies on Miller Rocks Islands and
Crescent Island, cormorants nesting on Foundation Island, terns
nesting on the Blalock Islands, and pelicans nesting on Bad-
ger Island) and compared them with updated predation rates
from four colonies evaluated in the published literature (tern
and cormorant colonies on East Sand Island, terns on Crescent
Island, and terns on Goose Island in Potholes Reservoir). Re-
sults demonstrate that avian predation by these nine colonies
was a substantial source of mortality for ESA-listed salmonids
during out-migration.
Passive Integrated Transponder Tag Detection Efﬁciency
Overall, the efﬁciency of PIT tag detection on avian colonies
was high, as the majority of control tags sown on-colony during
the nesting season were subsequently recovered by researchers
after the nesting season. Variation in on-colony detection ef-
ﬁciency of PIT tags among colonies and among years was
likely due to the unique characteristics of each island, including
substrate type (sand, rock, or soil-based nesting substrate) and
weatherconditions.ThelossofPITtagsduringthebirds’nesting
season (i.e., losses to wind storms, rain storms, or other factors)
and the missed detections of functional PIT tags on-colony have
not been incorporated into previously published studies (Collis
et al. 2001; Ryan et al. 2003; Antolos et al. 2005; Maranto et al.
2010).AlthoughEvansetal.(2011)documentedsubstantialloss
of coded wire tags on a Caspian tern colony in San Francisco
Bay,publishedstudiesofon-colonylossanddetectionprobabil-
itiesofPITtagswerelacking.Ourresultsdemonstratethatwhen
detection efﬁciency is ignored, predation rates based on PIT tag
recoveries can underestimate smolt losses to avian predators.
Predation rates by terns nesting on Crescent and Goose islands
were especially inﬂuenced by within-season differences in de-
tection efﬁciency and the relatively low estimates of detection
efﬁciency (<60%) in comparison with the other bird colonies
evaluated. Salmonid smolt out-migration occurs across several
months; therefore, data describing the variation in detection ef-
ﬁciency of PIT tags deposited on bird colonies during these
time periods are necessary to make more accurate comparisons
across ESUs and across years.
Evenafteradjustmentsforon-colonydetectionefﬁciencyare
made, an unknown number of PIT tags consumed by colonial
waterbirdsarepresumablydamagedduringdigestion,deposited
off-colony,orboth.Biologyandforagingbehaviordifferamong
theﬁveavianspeciesevaluatedhere,andtheoreticallythesedif-
ferences could inﬂuence the degree to which predation rates are
underestimated due to off-colony deposition and tag damage.
Thus, although adjustments for detection efﬁciency increase the
accuracy of predation rate estimates, the predation rates based
on PIT tags recovered from bird nesting colonies still consti-
tute minimum estimates of predation. Further study is needed
to quantify off-colony PIT tag deposition and tag damage for
comparisons among avian species, among colonies, and among
different environmental conditions.
Avian Predation Rates
Results demonstrated that minimum rates of avian predation
onsalmonidsvariedconsiderablybybirdcolony,location(estu-
ary, mid-Columbia River, or near the conﬂuence), and salmonid
ESU.Ingeneral,thehighestavianpredationrateswereobserved
for steelhead ESUs. It is well documented that steelhead have
a higher susceptibility to avian predation than other salmonid
ESUs in the Columbia River basin (Collis et al. 2001; Ryan
et al. 2003; Antolos et al. 2005; Maranto et al. 2010). Possible
reasons for the greater susceptibility of steelhead in compari-
son with salmon include differences in smolt behavior during
out-migration and differences in the relative size (length) of
salmonids. Collis et al. (2001) hypothesized that steelhead were
more susceptible to avian predation because of their larger size
(length)andtheirgreatersurfaceorientationincomparisonwith
Chinook salmon and sockeye salmon. The positive association
between average ﬁsh length and avian predation rates described
by Ryan et al. (2003) supports this hypothesis, with steelhead
being larger on average and preyed upon at a higher rate than
salmon. In a study of salmonid migration depth in the Columbia
River, Beeman and Maule (2006) observed that steelhead mi-
gratedclosertothesurfacethanChinooksalmonduringdaylight
hours, when bird predation occurs.
OftheeightESA-listedsalmonidESUsevaluatedhere,Snake
River steelhead and upper Columbia River steelhead experi-
enced the highest proportional reach-speciﬁc and cumulative
losses to avian predation. Steelhead from the Snake River and
upper Columbia River must pass all nine bird colonies during
out-migrationtothePaciﬁcOcean,andﬁshfromthesetwoESUs
experiencedavianpredationratesgreaterthan14%intheestuary
and greater than 6% near the conﬂuence. Relative to other doc-
umented factors that inﬂuence mortality during out-migration,
avian predation—particularly by tern and cormorant colonies—
was a substantial source of mortality for out-migrating steel-
head. Muir et al. (2001) estimated a 2–5% mortality rate for
juvenile steelhead as they passed dams on the Snake River.
Rieman et al. (1991) estimated that piscivorous ﬁsh (northern
pikeminnowPtychocheilusoregonensis,walleyeSandervitreus,
and smallmouth bass Micropterus dolomieu) consumed 11%
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 AVIAN PREDATION ON JUVENILE SALMONIDS 985
of available juvenile steelhead in John Day Reservoir on the
Columbia River.
All of the ESA-listed salmonid populations included in this
study comprise a mixture of wild and hatchery-raised ﬁsh
(NOAA2011).Assuch,anevaluationofbirdpredationonESA-
listed ESUs required the inclusion of both rearing types. Other
studies in the Columbia River basin have noted that hatchery-
reared salmonids are occasionally more susceptible to avian
predation than their wild counterparts (Collis et al. 2001; Ryan
et al. 2003; Kennedy et al. 2007). Differences in the relative
susceptibility of wild and hatchery-raised ﬁsh in these studies,
however,generallywerenotstatisticallysigniﬁcantandwerenot
consistently observed across salmonid species, avian colonies,
or years.
Of the nine piscivorous waterbird colonies investigated, the
colonies of terns and cormorants nesting on East Sand Is-
land consumed the highest proportions of available PIT-tagged
salmonids. Smolt losses to tern and cormorant predation in the
estuary as presented here were higher than those reported by
Ryan et al. (2003), who investigated predation by terns and cor-
morantsonEastSandIslandduring1998–2000.Theincreasesin
predation rates between these studies are likely due to the grow-
ing number of cormorants nesting on East Sand Island (14,324
adults in 1998; 27,192 adults in 2010; BRNW 2011) and the
fact that PIT tag detection efﬁciency was not incorporated into
the 1998–2000 estimates.
Predation rate estimates based on PIT tag recoveries have
excludedESA-listedESUsoriginatingfromthelowerColumbia
River(lowerColumbiaRiverchumsalmonO.keta,cohosalmon
O. kisutch, Chinook salmon, and steelhead; Collis et al. 2001;
Ryan et al. 2003). Lower Columbia River salmonid populations
were not considered in this study due to a lack of adequate PIT
tag interrogation sites downstream of Bonneville and Sullivan
dams. Predation rates may differ to an unknown degree for
salmonids originating from the lower Columbia River ESUs
and those originating from ESUs upstream of Bonneville and
Sullivan dams. In a study of smolt consumption (numbers of
ﬁsh) in the estuary, Lyons et al. (2010) concluded that coho
salmon and subyearling Chinook salmon, two abundant lower
Columbia River salmonids, were the most numerous salmonid
prey typeinthediets ofcormorants nestingonEast Sand Island.
Avian predation in the Columbia River estuary affects ju-
venile salmonids that have survived freshwater migration and
presumably have a higher probability of surviving to return
as adults relative to those ﬁsh that have yet to complete out-
migration (Roby et al. 2003). Additionally, juvenile salmonids
belonging to every ESA-listed Columbia River basin ESU must
pass through the Columbia River estuary and are therefore sus-
ceptible to predation by birds nesting on East Sand Island. At
current colony sizes, management efforts focused on terns and
cormorants in the Columbia River estuary will consequently
beneﬁt a greater number of salmonid ESUs than will manage-
ment of inland bird colonies (Roby et al. 2003; USFWS 2005;
Lyons et al. 2010).
The highest estimated predation rates on PIT-tagged
salmonids by birds nesting at inland colonies were from terns
nesting on Crescent and Goose islands and cormorants nesting
on Foundation Island. Of the six ESA-listed salmonid popula-
tions that were evaluated while passing inland avian colonies,
upper Columbia River steelhead received the highest observed
predation rates during the study period (10.6%; range = 7.5–
15.7%) from terns nesting on Goose Island in Potholes Reser-
voir.ThepredationrateestimateforupperColumbiaRiversteel-
head was surprising because of the relatively small size of the
tern colony (<500 breeding pairs; BRNW 2011) and the lo-
cation of the colony (at least 35 km from the upper Columbia
River).Ourestimatesofpredationratesonsalmonidpopulations
by terns nesting on Goose Island differ considerably from rates
previously reported by Maranto et al. (2010); those authors esti-
mated an average predation rate of 0.6% (range = 0.4–1.1%) on
upper Columbia River steelhead by terns nesting on an island in
Potholes Reservoir during 2003–2006. There are several expla-
nations for this apparent discrepancy. First, during 2003–2006,
thelocationoftheterncolonyinPotholesReservoirshiftedfrom
Solstice Island in the northern portion of the reservoir to Goose
Island in the southern portion of the reservoir (6 km closer to
the upper Columbia River). This move corresponded with a
change in the birds’ diet composition, as salmonid prey types
were more commonly observed in the diets of terns nesting on
GooseIsland(∼24%ofpreyitems)comparedwithternsnesting
on Solstice Island (∼2% of prey items; Maranto et al. 2010).
Second, the size of the Goose Island tern colony increased from
a maximum of 323 breeding pairs in 2006 (Maranto et al. 2010)
to a maximum of 487 breeding pairs in 2009 (BRNW 2011).
Third, measures of PIT tag detection efﬁciency were not avail-
able prior to 2007—a substantial factor given that detection
efﬁciency was less than 65% during 2007–2010. Finally, smolt
availabilitytoternsnestingatPotholesReservoirwascalculated
differently in the two studies. Maranto et al. (2010) based their
predation rate estimates on all PIT-tagged salmonids released
into the upper Columbia River, regardless of the distance of the
ﬁsh’s release point to the tern colony at Potholes Reservoir. We
limited our analysis to PIT-tagged salmonids that were last de-
tected as passing Rock Island Dam, which is 70 km from Goose
Island and therefore is near the estimated upper foraging range
of terns nesting in Potholes Reservoir (Maranto et al. 2010).
Avian predation rates on Snake River and upper Columbia
River salmonid ESUs only included salmonids that migrated
past inland bird colonies. However, not all Snake River
salmonids pass inland bird colonies; a portion of salmonids are
collected at Snake River dams and are transported (via barges
or trucks) to release locations downstream of Bonneville Dam
(Buchanan et al. 2006). Estimates of the percentage of Snake
River salmonids that are transported past inland bird colonies
vary by ESU and year, and average transportation estimates
for Chinook salmon, sockeye salmon, and steelhead during the
study period ranged from approximately 60% in 2008 to 40%
in 2010 (FPC 2011). Consequently, the effects of predation on
D
o
w
n
l
o
a
d
e
d
 
b
y
 
[
O
r
e
g
o
n
 
S
t
a
t
e
 
U
n
i
v
e
r
s
i
t
y
]
 
a
t
 
1
5
:
3
0
 
2
2
 
A
u
g
u
s
t
 
2
0
1
2
 986 EVANS ET AL.
Snake River salmonids by inland bird colonies apply only to the
portion of the smolt population that is not transported around
bird colonies (Antolos et al. 2005); during the study period,
roughly half of all Snake River salmonids were not transported.
However, all (100%) of the salmonids originating from the up-
per Columbia River must out-migrate in-river past inland bird
colonies in the conﬂuence reach. Similarly, because transported
Snake River salmonids are released just downstream of Bon-
neville Dam, all salmonids must out-migrate past bird colonies
in the estuary.
Predation rates associated with tern and cormorant colonies
were almost always signiﬁcantly higher than predation rates as-
sociated with gull and pelican colonies, regardless of salmonid
ESU or river reach. Previous research indicates that ﬁsh, and
salmonidsinparticular,constituteaverysmallproportionofthe
diets of California gulls and ring-billed gulls nesting on inland
islands of the Columbia River (Collis et al. 2002). Gut content
analysis of gulls nesting at Miller Rocks Islands and Crescent
Island (Collis et al. 2002) indicated that juvenile salmonids
comprised less than 4% (by mass) of food biomass. In contrast,
salmonids comprised 74% (by mass) of the diets of Caspian
terns nesting on Crescent Island (Antolos et al. 2005). Preda-
tion rates on PIT-tagged salmonids by the Badger Island pelican
colony—theonlybreedingcolonyofAmericanwhitepelicansin
Washington State (Ackerman 1997)—were the lowest observed
among the nine bird colonies investigated during our study.
Pelican predation rates were 0.1% or less for ﬁve of the six
ESA-listed salmonid populations evaluated, and the predation
rate on Snake River steelhead was only slightly higher (0.2%).
Low predation rates on out-migrating salmonids by pelicans
nesting on Badger Island may be due to several factors, includ-
ing (1) a reliance on larger ﬁsh (Scoppettone et al. 2006) or on
ﬁsh that congregate in shallow-water habitats (Knopf and Evans
2004), (2) differences in foraging behavior that reduce the habi-
tat overlap between Badger Island pelicans and out-migrating
salmonids from the upper Columbia and Snake rivers, or (3) a
combination of these.
Per Capita Predation Rates
The per capita predation rates on juvenile salmonids (i.e.,
rates adjusted for differences in colony size) were substantially
higher at inland tern and cormorant colonies relative to their
counterparts in the estuary. Per capita salmonid predation rates
associated with gull and pelican colonies were much lower than
those associated with tern and cormorant colonies, regardless
of river reach. The higher per capita predation rates for inland
tern and cormorant colonies are due to the higher prevalence of
juvenile salmonids in the diets of terns and cormorants nesting
at inland colonies versus estuarine colonies (Collis et al. 2002;
Antolos et al. 2005; Lyons 2010). Differences in diet composi-
tion have been attributed to colony location, as food availability
differs throughout the Columbia River basin (Collis et al. 2002;
Roby et al. 2003; Lyons 2010; Maranto et al. 2010). A com-
parison of diet composition between Caspian terns nesting on
Rice Island in the upper estuary (rkm 34) and those nesting
on East Sand Island (rkm 8) revealed that East Sand Island
terns were more reliant on marine forage ﬁshes (northern an-
chovy Engraulis mordax, Paciﬁc herring Clupea pallasii, etc.),
whereas Rice Island terns had a greater reliance on freshwater
ﬁshes (Roby et al. 2002). Furthermore, diet composition varied
substantially between the tern colonies in the estuary and those
at inland sites (Collis et al. 2002).
Differencesincolonywidepredationratesandpercapitapre-
dationratesindicatethatcurrentmanagementeffortstoincrease
smolt survival by reducing the number of nesting birds on East
Sand Island could be offset if those birds relocate to inland sites
in large numbers. Increases in colony size at inland sites, where
per capita predation rates are higher, could have a negative im-
pact on smolt survival, especially for Snake River and upper
Columbia River steelhead ESUs. Movement of terns from estu-
arinetoinlandnestinglocationsisplausiblegiventheephemeral
nature of waterbird nesting habitats and the documented inter-
colony movements of waterbird species (Conover et al. 1979;
Cuthbert 1988; Quinn and Sirdevan 1998; Wires et al. 2000).
Concluding Remarks
Predation rates based on PIT tag recoveries from bird
colonies provide minimum estimates of the proportion of avail-
able ﬁsh that are consumed by avian predators and provide
speciﬁc information on when and where salmonid populations
are most susceptible to predation by colonial waterbirds. To
morepreciselymeasurepredationimpacts,additionalresearchis
needed toevaluate off-colony deposition of PITtags bycolonial
waterbirds.Researchisalsoneededtodeterminewhetherreduc-
tionsinsmoltlossestoavianpredationtranslateintocommensu-
rate increases in smolt survival and, ultimately, adult salmonid
recruitment. For example, if avian predators are disproportion-
ately consuming dead, diseased, injured, or otherwise moribund
ﬁshrelativetohealthyﬁsh,effortstoreduceavianpredationwill
not result in commensurate increases in smolt survival (Schreck
et al. 2006). Similarly, reductions in smolt mortality by reduc-
ingpredationatonebirdcolonycouldbecounteredbyincreases
in predation at other colonies or by other piscivorous predators.
Researchaimedataddressingtheseuncertaintieswillhelptode-
termine the efﬁcacy of avian management initiatives to recover
ESA-listed salmonid ESUs.
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APPENDIX: AVIAN PREDATION RATES ON JUVENILE SALMONIDS
TABLE A.1. Minimum annual predation rates (%; with 95% conﬁdence intervals in parentheses) by bird colonies on PIT-tagged salmonids from En-
dangered Species Act-listed evolutionarily signiﬁcant units (ESUs; SR = Snake River; MCR = mid-Columbia River; UCR = upper Columbia River; WR =
Willamette River) during each year and across all years (study period, 2007–2010). Smolt availability for each river reach (Columbia River estuary [estuary],
MCR, and SR–Columbia River conﬂuence [conﬂuence]) was based on the number of PIT-tagged salmonids that were interrogated at Sullivan Dam or Bonneville
Dam (for estuarine colonies), McNary Dam (for MCR colonies), or Lower Monumental and Rock Island dams (for colonies near the conﬂuence). Dashes denote
PIT-tagged populations that were excluded from analysis because fewer than 500 individuals were interrogated during that year.
Salmonid ESU 2007 2008 2009 2010 Study period
Double-Crested Cormorants on East Sand Island (Estuary)
SR spring–summer Chinook salmon 0.8 (0.6–1.0) 1.7 (1.4–2.1) 3.3 (3.0–3.7) 2.6 (2.4–2.9) 2.2 (2.0–2.3)
SR fall Chinook salmon 0.7 (0.3–1.3) 1.3 (1.1–1.5) 2.2 (1.9–2.5) 1.9 (1.7–2.2) 1.7 (1.6–1.9)
SR sockeye salmon — — 2.7 (1.9–3.7) 1.2 (0.6–1.9) 2.1 (1.5–2.7)
SR steelhead 1.7 (1.3–2.3) 7.3 (6.6–8.1) 8.1 (7.4–8.8) 3.7 (3.4–4.1) 5.5 (5.2–5.8)
MCR steelhead 1.3 (0.7–2.1) 6.6 (5.2–8.1) 6.4 (5.4–7.5) 3.9 (3.4–4.5) 4.4 (4.0–4.9)
WR spring Chinook salmon 0.4 (0.1–0.9) 1.6 (1.0–2.3) 0.7 (0.4–0.9) 1.8 (0.6–3.4) 0.9 (0.7–1.2)
UCR spring Chinook salmon 1.3 (0.7–2.0) 1.7 (1.0–2.6) 1.3 (0.7–1.9) 1.6 (1.2–2.0) 1.5 (1.3–1.8)
UCR steelhead 1.7 (1.1–2.4) 3.0 (2.2–3.9) 3.5 (2.6–4.6) 3.4 (2.9–3.8) 3.1 (2.8–3.4)
Caspian Terns on East Sand Island
SR spring–summer Chinook salmon 2.2 (2.0–2.4) 1.8 (1.5–2.0) 3.3 (3.0–3.6) 2.4 (2.2–2.6) 2.4 (2.3–2.6)
SR fall Chinook salmon 2.3 (1.6–3.0) 1.3 (1.2–1.5) 1.4 (1.2–1.6) 0.5 (0.4–0.6) 1.1 (1.0–1.2)
SR sockeye salmon — — 0.8 (0.4–1.3) 1.1 (0.5–1.7) 0.9 (0.6–1.3)
SR steelhead 16.0 (15.0–17.2) 10.1 (9.6–10.7) 10.4 (9.9–10.9) 9.9 (9.3–10.6) 10.5 (10.2–10.9)
MCR steelhead 12.9 (11.5–14.4) 9.8 (8.6–11.0) 10.1 (9.0–11.2) 8.7 (8.0–9.6) 9.7 (9.2–10.3)
WR spring Chinook salmon 1.0 (0.5–1.5) 3.1 (2.4–3.8) 1.2 (0.9–1.5) 1.1 (0.2–2.3) 1.6 (1.4–1.9)
UCR spring Chinook salmon 1.3 (0.8–1.8) 1.2 (0.7–1.8) 2.6 (1.8–3.3) 2.1 (1.7–2.5) 1.9 (1.6–2.2)
UCR steelhead 11.1 (9.9–12.4) 11.7 (10.4–13.1) 14.0 (12.4–15.6) 9.8 (9.1–10.6) 10.7 (10.2–11.2)
California Gulls and Ring-Billed Gulls on Miller Rocks Islands (MCR)
SR spring–summer Chinook salmon 0.2 (0.1–0.2) 0.3 (0.3–0.4) 0.3 (0.3–0.4) 0.3 (0.2–0.3) 0.3 (0.2–0.3)
SR fall Chinook salmon 0.5 (0.3–0.7) 0.4 (0.3–0.5) 0.6 (0.5–0.6) 0.1 (0.1–0.2) 0.4 (0.4–0.4)
SR sockeye salmon — — 1.3 (0.8–1.9) 0.6 (0.2–1.1) 1.0 (0.7–1.4)
SR steelhead 1.5 (1.2–1.8) 1.4 (1.2–1.6) 1.5 (1.3–1.7) 1.4 (1.2–1.6) 1.4 (1.3–1.5)
UCR spring Chinook salmon 0.3 (0.2–0.5) 0.2 (0.1–0.4) 0.4 (0.2–0.6) 0.2 (0.1–0.3) 0.3 (0.2–0.3)
UCR steelhead 1.3 (0.9–1.8) 1.1 (0.7–1.5) 1.0 (0.6–1.4) 1.1 (0.7–1.5) 1.1 (0.9–1.3)
Caspian Terns on Blalock Islands (MCR)
SR spring–summer Chinook salmon 0.1 (0.0–0.1) 0.1 (0.1–0.1) 0.2 (0.2–0.2) <0.1 0.1 (0.1–0.1)
SR fall Chinook salmon 0.1 (0.0–0.1) 0.1 (0.0–0.1) <0.1 <0.1 <0.1
SR sockeye salmon — — <0.1 0.1 (0.0–0.3) <0.1
SR steelhead 0.6 (0.5–0.8) 0.5 (0.4–0.6) 0.4 (0.3–0.5) 0.6 (0.5–0.8) 0.5 (0.5–0.6)
UCR spring Chinook salmon <0.1 <0.1 0.1 (0.0–0.2) <0.1 0.1 (0.0–0.1)
UCR steelhead 0.7 (0.4–1.0) 0.4 (0.2–0.7) 0.3 (0.1–0.5) 0.7 (0.4–0.9) 0.5 (0.4–0.6)
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TABLE A.1. Continued.
Salmonid ESU 2007 2008 2009 2010 Study period
Caspian Terns on Crescent Island (Near the Conﬂuence)
SR spring–summer Chinook salmon 0.3 (0.2–0.4) 0.6 (0.5–0.8) 1.0 (0.8–1.2) 0.3 (0.2–0.4) 0.6 (0.5–0.7)
SR fall Chinook salmon 0.6 (0.3–1.0) 1.1 (0.9–1.3) 0.7 (0.6–0.9) 0.7 (0.6–0.8) 0.8 (0.7–0.9)
SR sockeye salmon — 1.0 (0.2–2.0) 0.6 (0.3–1.0) 0.9 (0.2–1.8) 0.7 (0.5–1.0)
SR steelhead 2.8 (2.5–3.1) 4.1 (3.8–4.6) 3.2 (2.9–3.5) 2.8 (2.4–3.2) 3.3 (3.1–3.5)
UCR spring Chinook salmon — — <0.1 0.4 (0.0–1.0) 0.3 (0.0–0.6)
UCR steelhead 1.7 (1.2–2.2) 2.0 (1.6–2.5) 1.6 (1.2–1.9) 1.2 (1.0–1.6) 1.6 (1.5–1.8)
California Gulls and Ring-Billed Gulls on Crescent Island
SR fall Chinook salmon <0.1 0.1 (0.1–0.1) 0.1 (0.1–0.1) <0.1 0.1 (0.0–0.1)
SR sockeye salmon — 0.2 (0.0–0.5) 0.4 (0.1–0.7) <0.1 0.3 (0.1–0.5)
SR steelhead 0.6 (0.4–0.8) 0.6 (0.5–0.7) 0.7 (0.6–0.8) 0.6 (0.4–0.7) 0.6 (0.6–0.7)
UCR spring Chinook salmon — — <0.1 <0.1 <0.1
UCR steelhead 0.9 (0.5–1.3) 0.4 (0.2–0.5) 1.0 (0.7–1.3) 1.1 (0.8–1.4) 0.8 (0.7–1.0)
American White Pelicans on Badger Island (Near the Conﬂuence)
SR spring–summer Chinook salmon <0.1 0.1 (0.0–0.1) 0.2 (0.1–0.2) <0.1 0.1 (0.0–0.1)
SR fall Chinook salmon <0.1 0.1 (0.0–0.1) 0.1 (0.0–0.1) 0.1 (0.0–0.1) 0.1 (0.0–0.1)
SR sockeye salmon — <0.1 <0.1 <0.1 <0.1
SR steelhead 0.3 (0.2–0.4) 0.2 (0.1–0.2) 0.3 (0.3–0.4) 0.3 (0.2–0.5) 0.3 (0.2–0.3)
UCR spring Chinook salmon — — <0.1 <0.1 <0.1
UCR steelhead 0.1 (0.0–0.2) 0.1 (0.0–0.2) 0.3 (0.1–0.4) 0.1 (0.0–0.2) 0.1 (0.1–0.2)
Double-Crested Cormorants on Foundation Island (Near the Conﬂuence)
SR spring–summer Chinook salmon 0.7 (0.6–0.9) 1.0 (0.9–1.1) 0.9 (0.7–1.1) 0.8 (0.5–1.0) 0.8 (0.7–0.9)
SR fall Chinook salmon 0.9 (0.4–1.4) 0.4 (0.3–0.5) 0.5 (0.4–0.6) 0.4 (0.3–0.5) 0.4 (0.4–0.5)
SR sockeye salmon — 1.1 (0.3–2.0) 2.1 (1.4–2.7) 1.7 (0.5–3.1) 1.8 (1.3–2.3)
SR steelhead 2.3 (2.0–2.7) 2.3 (2.1–2.6) 1.7 (1.6–1.9) 1.3 (1.0–1.6) 1.9 (1.8–2.1)
UCR spring Chinook salmon — — <0.1 <0.1 <0.1
UCR steelhead <0.1 0.1 (0.1–0.3) 0.1 (0.0–0.2) 0.1 (0.0–0.2) 0.1 (0.1–0.1)
Caspian Terns on Goose Island (Potholes Reservoir, Near the Conﬂuence)
SR spring–summer Chinook salmon <0.1 <0.1 <0.1 <0.1 <0.1
SR fall Chinook salmon 0.1 (0.0–0.6) <0.1 <0.1 <0.1 <0.1
SR sockeye salmon — 0.2 (0.0–0.6) <0.1 <0.1 <0.1
SR steelhead <0.1 <0.1 <0.1 <0.1 <0.1
UCR spring Chinook salmon — — 3.6 (1.6–6.1) 1.0 (0.2–2.0) 2.1 (1.1–3.4)
UCR steelhead 9.1 (6.3–14.0) 7.5 (6.5–8.5) 15.7 (13.6–18.2) 9.6 (8.3–11.2) 10.6 (9.7–11.6)
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